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egulated emigration of blood-borne leukocytes plays a defining role in lymphoid organ development, immune surveillance,
nd inflammatory responses. We report here that mice deficient in the homeobox gene Nkx2-3, expressed in developing
isceral mesoderm, show a complex intestinal malabsorption phenotype and striking abnormalities of gut-associated
ymphoid tissue and spleen suggestive of deranged leukocyte homing. Mutant Peyer’s patches were reduced in number and
ize, intestinal villi contained few IgA1 plasma cells, and mutant spleens were small and often atrophic, showing fused
periarterial lymphoid sheaths, partially merged T and B cell zones, an absent marginal zone, and a dearth of macrophages
in red pulp. Semiquantitative RT-PCR analysis and immunohistochemistry revealed down-regulation of mucosal addressin
cell adhesion molecule-1 (MAdCAM-1) in endothelial cells in which Nkx2-3 is normally expressed. MAdCAM-1 is a
member of the immunoglobulin superfamily, acting as an endothelial cell ligand for leukocyte homing receptors L-selectin
and a4b7 integrin. Our data suggest a role for a homeodomain factor in establishing the developmental and positional cues
in endothelia that regulate leukocyte homing through local control of cellular adhesion and identify MAdCAM-1 as a
candidate target gene of Nkx2-3. © 2000 Academic Press
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Homeobox genes have long been studied as determinants
of pattern and lineage in multicellular organisms (Krum-
lauf, 1994; Lawrence and Morata, 1994). Nkx2-3 is a verte-
brate member of the NK-2 class of homeobox genes and a
close relative of Drosophila tinman, essential for specifica-
tion of cardiac and gut muscle lineages within dorsal
mesoderm of the fly (Harvey, 1996). During development,
Nkx2-3 is expressed in midgut and hindgut mesoderm and
1 Present address: O2GENE, Australian Gene Targeting Centre,
wGround Floor, B Block, Hospital Ave., Nedlands 6009, Australia.
152pleen, as well as in pharyngeal endoderm and the hearts of
ome vertebrates, although not mice (Buchberger et al.,
996; Fu et al., 1998; Pabst et al., 1997). Transgenic expres-
ion of Nkx2-3 in Drosophila embryos can substitute for
inman function in specification of visceral muscle progeni-
ors, suggesting close functional kinship between Nkx2-3
nd tinman and an evolutionarily conserved role for NK-2
enes in visceral mesodermal development (Park et al.,
998; Ranganayakulu et al., 1998). Visceral mesoderm in
ertebrates differentiates into a complex array of cell types,
ncluding not only the smooth muscle layers of the intes-
ine, but also vascular smooth muscle, the stroma of
econdary immune organs, and endothelial cells, some of
hich are specialized for lymphoid traffic. Targeted mu-
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153Leukocyte Homing Defects in Nkx2-3 Knockout Micetagenesis of Nkx2-3 has revealed a complex gut-related
henotype (Pabst et al., 1999). While defects in specification
f gut lineages were not detected, midgut villus morpho-
enesis was developmentally delayed and abnormal, and
here was a partially-penetrant lethality in the postnatal
eriod from unknown causes (Pabst et al., 1999). The
spleens of mutant mice were small and disorganized, hint-
ing at a role for Nkx2-3 in development of secondary
mmune tissues.
We report in this paper a detailed examination of mice
arrying an independently targeted Nkx2-3 mutant allele
into which we incorporated a LacZ reporter gene. In this
study, we focus on the morphogenetic abnormalities in
secondary immune organs. In mutants, the spleen, Peyer’s
patches (PPs), and intestinal villi showed defects suggestive
of deranged leukocyte homing. Leukocyte homing is a
central process in secondary immune organ development,
immune surveillance, and inflammatory responses and in-
volves the slowing then tight adhesion of blood-borne
leukocytes to specialized vascular endothelia. Homing pro-
ceeds via a stepwise series of adhesive interactions between
leukocytes and endothelia, the specificity of which is de-
termined by both the combination of adhesion molecules
and their receptors expressed on each cell type and their
activity, which can be modulated by cell signaling through
chemokines or by posttranslational modification (Butcher
and Picker, 1996; Campbell et al., 1999; Springer, 1994). We
show that Nkx2-3 is required for expression of mucosal
ddressin cell adhesion molecule-1 (MAdCAM-1) in endo-
helial cells in which Nkx2-3 is normally expressed.
MAdCAM-1 is an endothelial cell ligand for leukocyte
homing receptors L-selectin and integrin a4b7 and is
nown to function predominantly in the visceral region,
lthough it is also expressed transiently in developing
eripheral lymph nodes (Mebius et al., 1996), in lactating
ammary glands (Streeter et al., 1988), and in rare cells in
he thymus, tonsils, and brain (Briskin et al., 1997). Our
ata demonstrate a role for a homeobox gene in establishing
he developmental and regional cues in endothelial cells
hat regulate leukocyte traffic and secondary immune organ
rchitecture through local control of cell adhesion and
ighlight MAdCAM-1 as a potential target gene for Nkx2-3.
ur findings also raise the possibility of a heretofore unex-
lored role for MAdCAM-1 in spleen development.
MATERIALS AND METHODS
Gene targeting. A 129Sv genomic clone encoding Nkx2-3 was
characterized. In the targeting construct, nucleotides 2561 to 2860
(GenBank AF155583), encoding amino acids 149–251 of Nkx2-3
including the NK2-specific domain and amino acids 6–60 of the
homeodomain, were deleted and replaced with a cassette composed
of an intraribosomal entry site linked to LacZ carrying a nuclear
localization signal, followed by an SV40 polyadenylation sequence
(IRES-nLacZ-pA; Fig. 1a). Downstream of the LacZ cassette, a
hygromycin-resistance gene cassette driven by the phosphoglycer-
okinase promoter (pgk-hygro-pA) and flanked by LoxP sites was s
Copyright © 2000 by Academic Press. All rightinserted. The targeting construct was electroporated into W9.5 ES
cells. Six of 96 hygromycin-resistant ES clones contained the
correctly targeted allele and of 5 injected into blastocysts, 1 passed
the mutant allele through the germ line after breeding onto a
C57B1/6 background. Polymerase chain reaction (PCR) was used to
genotype tail biopsy DNA using the following primers: forward
(59-CGGGAGACTGTAAGACGAGCGA-39), reverse (wild-type al-
lele, 59-GGACTTATCCTGCCGCTGTCTC-39, and mutant allele,
59-GCCTGCAAAGGGTCGCTACAGA-39).
RT-PCR. Comparative semiquantitative reverse transcriptase
(RT)-PCR was performed using total RNA isolated from intestines
of P1 or P8 mice or from adult caecum. RNA samples from three to
six isogenic mice were pooled. First-strand cDNA was synthesized
with avian myeloblastosis virus reverse transcriptase (Promega)
using (dT)30VN as primer. Templates were subjected to 35 cycles of
mplification (94°C, 20 s; 58°C, 20 s; 72°C, 30 s) in the presence of
0% glycerol. Gene-specific primers of 21 to 24 bases with melting
emperatures between 55 and 60°C were designed from reported
equences in the GenBank database. PCR fragments for individual
enes ranged from 140 to 340 bp. Sequence analysis was performed
n PCR fragments to confirm identity.
LacZ staining. Whole-mount b-galactosidase staining was per-
formed on embryos and dissected organs after fixation for 30 min
with 1–4% paraformaldehyde (PFA) in PBS at room temperature.
Samples were incubated at 37°C with X-gal staining solution (PBS
containing 4 mM K3Fe(CN)6, 4 mM K4Fe(CN)6, 2 mM MgCl2, 0.5
g/ml X-gal, and 0.15% Tween 20). For staining of sections, organs
ere fixed for 20–30 min with 2% PFA, immersed for 30 min in
1% then 18% sucrose in PBS, and embedded in OCT compound
Sakura). Freezing was performed in a dry ice/n-hexane bath.
ryosections (6–8 mm) were mounted on electrostatically charged
FIG. 1. Gene targeting strategy. (a) An IRES-nlacZ-pA cassette
was inserted into exon 2 of the Nkx2-3 gene while deleting the
omeobox (HB) and NK-specific domain (horizontal bar in exon 2).
hygromycin-resistance cassette (pgk-hygro-pA) flanked by LoxP
ites was also inserted. Xh, XhoI; X, XbaI; H, HindIII. (b) Southern
nalysis of hygromycin-resistant ES cell colonies using the probe
ndicated in a. Genotype (1/1, 1/2, 2/2) is indicated, as judged by
he presence of XbaI fragments representing the targeted (8.5 kb) or
ormal (13.0 kb) alleles. (c) PCR genotyping of heterozygote inter-
ross progeny: 242-bp wild-type allele; 338-bp targeted allele.lides (Menzel) and air dried. Sections were fixed for 10 min in 1%
s of reproduction in any form reserved.
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154 Wang et al.PFA, rinsed in PBS, and developed at 37°C for 4–16 h in X-gal
solution supplemented with 100 mg/ml trypsin–chymotrypsin
inhibitor (Sigma). Sections were postfixed with 4% PFA for over 2 h
before counterstaining with hematoxylin and eosin (H&E).
Lipid staining. Biopsies of duodenum, jejunum, ileum, caecum,
olon, and rectum were prepared for cryosectioning and lipid
taining or fixed in 4% PFA and embedded in paraffin wax for
istology. For detection of lipids, 10-mm cryosections were cut
rom unfixed tissue, rinsed in 70% ethanol, and stained in a
aturated solution of Sudan black in 70% ethanol. Excess stain was
emoved by rinsing in 70% ethanol.
Triglyceride and cholesterol determinations. Adult and neo-
atal mice were fasted for 3–6 h before being sacrificed. Blood
30–100 ml) was collected and protease inhibitors were added (final
oncentrations: 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride,
00 mM leupeptin, 25 mM Na-p-tosyl-L-lysine chloromethyl ke-
tone, 450 mM aprotinin, 2 mM pepstatin, 1 mM phenylmethylsul-
onyl fluoride, and 1 mM benzamidine). Samples were immediately
entrifuged and the serum was collected and frozen at 280°C.
evels of total cholesterol and triglycerides were determined using
nzymatic kits Cholesterol E and Triglycerides E, respectively
Wako Chemicals).
Immunoblotting. Duodenal and jejunal villi were purified by
craping into 100 mM Tris–HCl, pH 8.0, 100 mM NaCl, 10 mM
DTA, 1% Triton X-100, 0.1% SDS containing protease inhibitors
as for lipid determinations above) at 4°C and homogenized with
hort bursts on a Polytron. Samples were centrifuged at 100,000g at
°C for 1 h and the “fat cake” was collected and frozen at 280°C.
polipoproteins were detected by Western blotting using a rabbit
nti-rat apolipoprotein AIV polyclonal antibody (prepared against
urified rat serum apolipoprotein AIV) and a rabbit anti-mouse
polipoprotein B100/B48 antibody (Biodesign International).
Alkaline phosphatase staining. LacZ-stained sections were
ostfixed for 30 min in 4% PFA, then incubated for 30 min in 1%
2O2 in methanol. Alkaline phosphatase activity was detected by
incubation in 100 mM Tris–HCl, pH 9.5, 100 mM NaCl, 50 mM
MgCl2, 250 mg/ml 4-nitroblue tetrazolium chloride (NBT), and 125
g/ml 5-bromo-4-chloro-3-indolyl phosphate (BCIP). High alkaline
hosphatase activity was detected in endothelial cells of small
essels in lamina propria and submucosa, whereas those lining
arger vessels were unstained.
Staining for Peyer’s patches. Peyer’s patches on the antimes-
nteric surface of the gut were highlighted by whole-mount LacZ
taining of surrounding muscle cells or by 10% acetic acid treat-
ent.
Histology and immunohistochemistry. Tissues were fixed in
0% neutral-buffered formalin overnight, dehydrated, and embed-
ed in paraffin. Sections (5 mm) were stained with H&E. For
mmunohistochemistry, 5-mm cryosections mounted on electro-
tatically charged slides were fixed for 10 min in ice-cooled
cetone. Air-dried sections were kept at 280°C. Rehydrated sec-
ions were blocked with 0.5% blocking reagent (Boehringer) in PBS
nd incubated for 2 h at room temperature (or overnight at 4°C)
ith primary antibody diluted in 0.1% BSA in PBS. Where appro-
riate, a biotinylated secondary antibody was applied for 30 min at
oom temperature. Sections were then incubated with avidin–
iotin complex (Vector Laboratories) or with AP-conjugated
treptavidin (Amersham) and developed with a DAB/metal kit
NEN) or NBT/BCIP solution including 2 mM levamisole (Sigma).
ounterstaining was with hematoxylin as appropriate. Primary
ntibodies were rat anti-mouse MAdCAM-1 (MECA-89), ICAM-2
3C4), CD4 (H129.19), CD8a (53-6.7), and B220 (RA3-6B2), all
Copyright © 2000 by Academic Press. All righturchased from Pharmingen, and MOMA-1 and F4/80 (Serotec).
econdary antibody was biotinylated mouse anti-rat whole IgG
ICN), which can also recognize the rat MOMA-1 IgM via light-
hain epitopes. For immunofluorescence, cryosections were pre-
ared as for LacZ staining and incubated with fluorescein
sothiocyanate-conjugated anti-mouse IgA (F-9384) (Sigma) or fol-
icular dendritic cell (FDC)-M1 mAb (gift from M. H. Kosco-
ilbois) followed by Texas red-conjugated donkey anti-rat serum
Jackson Immunological Research Products).
Cell counts. Lymphocyte numbers in intestinal villi of normal
nd Nkx2-32/2 mice were evaluated by counting cells immuno-
staining positive for lymphocyte markers in randomly selected
microscope fields of longitudinal or transverse cryosections of
adult intestine (see Figs. 7i–7n and text). To normalize for the
uncertainty of the depth or angle of section through an individual
villus, cell counts were made relative either to a whole transverse
section containing multiple villi (IgA counts: wildtype, 805 6 96
cells/section; mutant, 129 6 12 cells/section, n 5 6) or, as described
reviously (Schon et al., 1999), to each 0.5 mm of villus section in
ts long axis (CD4 counts: wildtype, 58.9 6 5.4 cells/0.5 mm;
mutant, 40.9 6 4.3 cells/0.5 mm, n 5 7).
RESULTS
We created a targeted allele of mouse Nkx2-3 in which
the homeodomain and conserved NK2-specific domain
(Harvey, 1996) were replaced with IRES-LacZ-polyA, fol-
lowed by a hygromycin-resistance cassette flanked by LoxP
sites (Nkx2-3lacZDHD allele; Fig. 1). The LacZ expression
attern and Nkx2-3 mutant phenotype described in this
aper pertain exclusively to an allele which retains the
ygromycin-resistance cassette downstream of the LacZ
eporter gene. However, in preliminary studies the charac-
eristics of this line were identical to those of one in which
he cassette had been removed by crossing mice to the
Deleter” transgenic strain which expresses Cre recombi-
ase in the germ line (Schwenk et al., 1995).
Nkx2-3-LacZ Expression in Embryos and Adults
In keeping with results of in situ hybridization studies on
embryonic tissues (Pabst et al., 1997), nuclear-localized
LacZ was restricted in heterozygous and homozygous em-
bryos to the visceral and pharyngeal regions (Fig. 2a).
Within the viscera, prominent staining was seen in smooth
muscle cells of the intestine and within the stroma of the
spleen (Figs. 2b, 2e, and 3d–3i), although vascular smooth
muscles in the visceral region were also positive (see inset
in Fig. 2c and Fig. 2h), as was the muscular splenic capsule
(Fig. 2e). Certain aspects of the evolution of the gut smooth
muscle pattern are noteworthy. During embryogenesis,
LacZ staining in the midgut was seen from as early as
embryonic day 9–9.5 (E9–9.5) in splanchnic mesoderm
adjacent to the already closed midgut endodermal tube of
the ileal region, with staining around this stage absent in
anterior midgut and hindgut (Fig. 2a). Expression was initi-
ated only in the ventral aspect of gut mesenchyme, sur-
rounding the omphalomesenteric vein (Fig. 3a and data not
s of reproduction in any form reserved.
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155Leukocyte Homing Defects in Nkx2-3 Knockout MiceFIG. 2. LacZ expression in Nkx2-31/2 and Nkx2-32/2 mice. LacZ staining of whole tissues or adult tissue sections (a–i). Costaining for LacZ
and endogenous alkaline phosphatase (AP), which marks endothelial cells (c, d, i). (a) E10.0 1/2 embryo. (b) E15.5 1/2 visceral organs. (c)
/2 adult jejunum villus showing coexpression of LacZ and AP in endothelial cells. Inset shows a submucosal vessel in transverse section
ith LacZ-positive nuclei within AP-positive endothelial cells, as well as in AP-negative vascular smooth muscle. (d) 1/2 adult stomach
howing coexpression of LacZ and AP in endothelia. Inset shows an enlargement of an AP-positive/LacZ-positive vessel from the lamina
ropria. (e) E18.5 2/2 spleen (top); adult 1/2 spleen (bottom). (f) E13.5 1/1 spleen immunostained for ICAM-2 revealing the endothelial
plexus within splenic mesenchyme. (g) E18.5 Nkx2-32/2 pancreas showing LacZ-positive endothelial cells surrounding acini. (h) Adult
pancreatic arteriole showing LacZ staining in endothelial cells and muscle. (i) Adult ilial Peyer’s patch showing sparse distribution of
LacZ-positive cells, some of which stain with AP. a, acinus; c, capsule; e, endothelium; g, gut; gm, gut mesoderm; mm, muscularis mucosa;
mu, mucosa; pa, pancreas; pr, pharyngeal region; sm, smooth muscle; sp, spleen; sv, submucosa vessel; vm, vessel muscle.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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156 Wang et al.FIG. 3. LacZ staining in Nkx2-31/2 gut tissues. (a) Section through an E10.0 embryo showing LacZ staining in ventral gut mesenchyme.
b) E15.0 hindgut showing LacZ staining in submucosa. (c) Representative segments of adult duodenum, jejunum, and ileum showing graded
ntensity of LacZ staining, highest in ileum. (d–i) Sections through adult 1/2 duodenum (d), jejunum (e), ileum (f), caecum (g), colon (h),
and rectum (i). ca, caecum; co, colon; da, dorsal aorta; du, duodenum; ge, gut endoderm; gm, gut mesoderm; il, ileum; je, jejunum; mm,
muscularis mucosa; nt, neural tube; re, rectum; s, submucosa; sm, smooth muscle.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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157Leukocyte Homing Defects in Nkx2-3 Knockout Miceshown). Between E11.5 and E12.5, expression spread dor-
sally to completely encompass the gut tube, as well as
cranially and caudally. The ventral-to-dorsal progression in
expression was validated by in situ hybridization (not
shown). Thus, the layered structure of the gut is well
established before expression of Nkx2-3 in its mesenchyme.
As gut complexity developed, LacZ staining was restricted
to cells immediately underlying the mucosal endodermal
epithelium (Fig. 3b). Positive cells were predominantly the
precursors of the muscularis mucosa, the inner muscular
layer of the intestine which, in the mature gut, serves to
massage its glandular and lymphatic elements. Staining
was largely absent from the outer muscular band which will
form the circumferential and longitudinal muscle layers of
the mature gut. Expression in these outer layers developed
progressively from late fetal through postnatal stages. In the
adult gut, whole-mount preparations revealed a graded
pattern of LacZ staining with low levels in proximal and
distal segments (duodenum and rectum, respectively) and
highest levels in ileum (Fig. 3c and data not shown). Direct
staining of serial sections of adult gut revealed that two
features contributed to this graded pattern: the level of LacZ
staining in individual nuclei and the number of nuclei
stained (Figs. 3d–3i). Thus, in proximal and distal gut
segments, few nuclei stained weakly, whereas within the
ileum, virtually all nuclei stained with increased intensity.
The graded pattern was seen in all three muscle layers.
In addition to smooth muscle cells, we unexpectedly
found Nkx2-3 expression in endothelial cells of capillaries
and small blood vessels located within the visceral region.
This site of Nkx2-3 expression had not been detected by in
itu hybridization (Buchberger et al., 1996; Pabst et al.,
997), presumably due to the limited cellular resolution of
his technique. LacZ-positive endothelial cells were recog-
ized as obvious lumen-lining cells in larger vessels (see
ig. 2h) or, in smaller arterioles and venules, after costain-
ng for endogenous alkaline phosphatase activity (Figs. 2c
nd 2d). During late fetal development and in adults,
acZ-positive endothelial cells were evident in lamina
ropria and submucosa of the intestine throughout its
ntire length (Fig. 2c). Interestingly, they were also found
hroughout the lamina propria and submucosa of the stomach,
hich completely lacks expression in its muscular layers (Fig.
d). The developing and adult pancreas also harbored a LacZ-
ositive endothelial plexus (Figs. 2g and 2h).
In the developing spleen, LacZ was expressed in virtually
ll mesenchymal cells (Figs. 2b and 2e). This includes cells
hich contribute to its extensive endothelial plexus,
resent from at least as early as E13.5 and revealed by
mmunostaining for endothelial markers ICAM-2 (Fig. 2f)
nd MAdCAM-1 (Fig. 8a). Around birth, LacZ-positive
plenic cells became dispersed among immigrating hemo-
oietic cells (Fig. 2e). Since no LacZ staining was detected
n hemopoietic cells of the yolk sac, liver, thymus, or bone
arrow at any stage (not shown), it is likely that positive
ells detected in adult spleens derive exclusively from the
Copyright © 2000 by Academic Press. All rightesenchyme of its organ anlage. A similarly sparse distri-
ution of LacZ-positive cells was seen in adult PPs (Fig. 2i).
No differences were detected in the LacZ staining pattern
etween heterozygous and homozygous mutant embryos
nd mice in any tissue, indicating that Nkx2-3 is nonessen-
ial for lineage specification or cell survival.
Nkx2-3 Mutants Show Intestinal Malabsorption
in the Postnatal Period
At birth, most homozygous Nkx2-3lacZDHD mutants had a
pleen noticeably smaller than that of wildtype or heterozy-
ous littermates, and all had a small caecum (Fig. 4a),
vident from as early as E13.5. We also found histological
vidence of mild retardation of intestinal development (not
hown), as also reported by Pabst and colleagues for the
kx2-3m1 allele, which lacks the complete gene (Pabst et
al., 1999). In other respects, however, they were healthy and
normal in appearance. Nevertheless, as in the Nkx2-3m1 line
(Pabst et al., 1999), Nkx2-3lacZDHD homozygotes failed to
thrive, and 30% died within the first 2 weeks of life. The
cause of death appeared to be acute intestinal malabsorp-
tion: in the neonatal period, all mutants developed diarrhea
and steatorrhea, their intestinal mucosa became engorged
with lipid-staining vesicles, altering the shape and internal
structure of villi (Figs. 4b–4d), and blood accumulated in
the intestinal lumen, sometimes macroscopically (Fig. 4e).
The stomachs of mutants also retained chyme for prolonged
periods, suggesting peristaltic dysfunction at some level of
the gut canal. Mice within the crisis period (P6–P9) showed
dramatically reduced levels of total triglycerides in serum
(Table 1). However, precrisis (P5) levels of triglycerides and
cholesterol were normal in mutant intestines (Table 1), as
were levels of apolipoproteins AIV, B100, and B48 (Fig. 4i).
mRNAs encoding the lipid transport protein MTP, mutated
in human abetalipoproteinemia, and the apolipoprotein B
mRNA editing enzyme APOBEC-1 were also present at
normal levels in total RNA isolated from P1 and P8 intes-
tines (not shown). These data suggest that dying mice
succumb to an acute malabsorption crisis of compounding
causes, distinct from the characterized apolipoproteinemias
in mice and humans (Raabe et al., 1998).
Surviving homozygotes recovered rapidly and were fertile
and apparently healthy as adults, although their intestinal
tract was reduced in length by some 23% (wildtype and
heterozygous, 35.2 6 1.0 cm, n 5 28; homozygous, 28.5 6
2.3 cm, n 5 18). They also had enlarged and paddle-shaped
villi (Figs. 4f and 4g) and showed intestinal distension, as
reported for the Nkx2-3m1 line (Pabst et al., 1999). The
enlargement of the intestine, presumably an adaptation to
functional deficiencies or the earlier crisis, was obvious in
about 70% of survivors, but to varying degrees. Histology
showed intestinal hyperplasia rather than dilatation (Fig. 4g).
Immune Organ Phenotype in Nkx2-3 Mutants
Nkx2-3lacZDHD mutants had striking defects in the gut-associated lymphoid tissue and spleen. PPs were severely
s of reproduction in any form reserved.
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158 Wang et al.affected. While 6–11 could be found along the antimesen-
teric surface of adult wild-type small intestines (n 5 11),
FIG. 4. Gut phenotype in Nkx2-32/2 mice. (a) Newborn caecum
P6 1/1 jejunum stained with H&E. (c) H&E-stained section thr
ips of villi mucosa. (d) P8 jejunum stained with Sudan black h
lood evident in the intestine of sick P8 Nkx2-32/2 animals (arro
was verified in all homozygous animals using a hemoccult test.
Mutant villi are enlarged and paddle shaped. (g) Transverse sect
Note enlargement of villi and hyperplastic crypt regions. (h) Int
etection of apolipoproteins AIV, B100, and B48 by Western
eterozygote (1/2), and homozygote mutant (2/2) mice (two eonly 0–4 were evident in mutants (n 5 22) and these were
Copyright © 2000 by Academic Press. All righta fraction of normal size (Fig. 4h). Lymphoid aggregates
within caecum and rectum, while present, had reduced
wild-type (1/1) and mutant (2/2) mice. (b) Section through a
a P8 Nkx2-32/2 jejunum. Note accumulation of vesicles in the
ghting lipid retention. Control sections showed no staining. (e)
Even when not macroscopically obvious, the presence of blood
illus morphology in Nkx2-31/2 and Nkx2-32/2 adult duodenum.
through adult jejunum of Nkx2-31/2 and Nkx2-32/2 adult mice.
al Peyer’s patches from Nkx2-31/2 and Nkx2-32/2 adult mice. (i)
analysis in extracts from the intestines of wild-type (1/1),
les shown). ca, caecum; pp, Peyer’s patches.from
ough
ighli
ws).
(f) V
ionscellularity in juvenile mice (not shown). Those PPs and
s of reproduction in any form reserved.
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159Leukocyte Homing Defects in Nkx2-3 Knockout Micelymphoid aggregates remaining in mutants had an orga-
nized follicular structure, as judged by staining for IgM, IgA,
IgG, B220, CD4, and CD8 (not shown). Lymph nodes (LNs),
on the other hand, appeared normal in number as well as
structure, as seen by CD4 and B220 immunostaining,
although in some mice mesenteric LNs and/or the B cell
follicles of peripheral LNs were noticeably expanded.
Spleens of Nkx2-3lacZDHD homozygous animals developed
poorly from birth (Figs. 5a and 5b), with some undergoing
partial or complete atrophy (Pabst et al., 1999). Some 36%
(14/39) of mutants showed asplenia as adults. To character-
ize this defect further, we analyzed splenic architecture
using histology and lineage markers. The mature spleen is
composed of lymphocyte-rich sheaths (white pulp follicles)
which surround arterioles, and these are dispersed through-
out an erythrocyte-rich red pulp. Germinal centers (GCs),
specialized regions of B cell proliferation and maturation
within white pulp, are also a prominent component of
spleen structure after immune challenge. In spleens of most
homozygous mice, the normally well separated white pulp
follicles became merged centrally (Figs. 5a and 5b). Within
merged follicles, double immunostaining for lymphocyte
markers B220 and CD4 revealed distinct inner T and outer
B cell zones, as found normally (Figs. 5e and 5f), but the B
cell zone was disproportionally reduced, and there was
intermingling of B and T cells in boundary regions (Figs. 5g
and 5h). The histologically distinct follicular marginal
zone, which surrounds the white pulp follicles and is
populated predominantly by macrophages and naive B cells,
was not evident (Figs. 5c and 5d). Staining for MOMA-1
showed a lack of metallophilic macrophages normally re-
stricted to this zone (Kraal et al., 1989) (Figs. 5i and 5j).
Finally, there was a vast reduction in mononuclear cells
within red pulp (Figs. 5c and 5d), in large part due to a dearth
of macrophages, as revealed by immunostaining with the
macrophage mAb F4/80 (Morris et al., 1991) in both adult
(Figs. 5k and 5l) and neonatal (not shown) spleens.
We also examined peripheral blood by FACS and cytospin
analysis and found that although the total white cell count
was elevated 4–103 in mutants (n 5 13), the proportion of
different cell types was normal (not shown). Since we had
TABLE 1
Serum Triglyceride and Cholesterol Levels in Wild-type and
Nkx2-3 Mutant Mice
Genotype
Triglycerides
(mg/dl)
Cholesterol
(mg/dl)
P5 P6 P5 P6
1/1 182 6 7 197.4 6 29.9 70 6 6 203 6 27.7
1/2 208 6 19 ND 75.2 6 0.4 ND
2/2 175.3 6 37 25.5 6 1.3 105 6 14 158.2 6 10.1not detected Nkx2-3 expression or LacZ staining in hemo- M
Copyright © 2000 by Academic Press. All rightpoietic cells, the leukocytosis is likely to stem from dis-
rupted leukocyte homing to secondary immune organs (see
below), as in other models (Forster et al., 1996; Kunkel et
al., 1998). Consistent with this, bone marrow cells were
normal in cellularity and lineage distribution, and resident
hemopoietic progenitor cells were normal in number and
type (n 5 6; L. Robb and R. P. Harvey, unpublished data).
The thymus was histologically normal.
Semiquantitative RT-PCR Analysis of Genes
Expressed in Normal and Mutant Intestine
In an attempt to identify genes aberrantly expressed in
the mutant context, we performed comparative, semiquan-
titative RT-PCR analysis on a range of genes active in
representative lineages of the developing viscera (Fig. 6).
The analysis included genes expressed in smooth muscle
(myosin heavy chain, a and g actin, SM22a, h1-calponin,
eHAND/Hand1, Mef2b and 2c, Bapx1/Nkx3-2, FKBP/
SMAP), intestinal epithelium (lactase; Cdx-1; Cdx-2; apoli-
poproteins AI, AIV, and B; MTP; APOBEC-1), and vascular
endothelium (PECAM-1, Flk-1, Tie-2, ephrin-B2, P-selectin,
E-selectin, VCAM-1, ICAM-1 and 2, CD34, GlyCAM-1,
MAdCAM-1) and those expressed during intestinal growth
and differentiation (BMP-2 and 4; shh; patched; patched-2;
VEGF; PDGF-A and B; HB-EGF; TGF-a and b1; bcellulin;
EGF; EGFR; erbB2; IGF-1; TNF-a; TNFRp55; LTbR; BLC;
GATA4, 5, and 6; hlx; fkh-6). Remarkably, most were
expressed normally in mutants, although we found that
both short and long splicing variants encoding MAdCAM-1
(Sampaio et al., 1995; Streeter et al., 1988) were diminished
at least 10-fold in neonatal intestine (P1 and P8) and adult
caecum (Fig. 6). In contrast, mRNAs for the cytokine TNF-a
and responsive endothelial adhesion molecules VCAM-1,
E-selectin, and P-selectin (Hahne et al., 1993) were up-
regulated at P8 (Fig. 6), potentially an adaptive response to
diminished MAdCAM-1, disrupted immune organ architec-
ture, and/or mild inflammation during the malabsorption
crisis. No acute inflammation was detected at any stage.
MAdCAM-1 Expression in Wild-type and Nkx2-3
Mutant Tissues
MAdCAM-1 is a member of the Ig domain superfamily of
adhesion molecules and functions as an endothelial ligand
or coreceptor (addressin; Streeter et al., 1988) for leukocyte
homing receptors L-selectin and integrin a4b7, predomi-
nantly in the viscera (Butcher and Picker, 1996).
MAdCAM-1 has been implicated in the normal activity of
the immune system and also in homing events associated
with inflammatory bowel disease (Briskin et al., 1997;
icarella et al., 1997), immune diabetes (Hanninen et al.,
998), and dissemination of gastric lymphoma (Dogan et al.,
997; Du et al., 1997). We performed a detailed analysis of
AdCAM-1 expression in normal and mutant tissues. In
s of reproduction in any form reserved.
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160 Wang et al.developing embryos, we observed weak and transient
MAdCAM-1 expression on many, if not all, endothelial
cells, evident at E13.5 but diminished in most tissues
except skin and muscle by E15.5 (not shown). This basal
level, however, was unaffected in Nkx2-3 mutants. Higher
levels were seen in developing intestine, stomach, spleen,
pancreas, and lymph nodes. In intestine and stomach,
MAdCAM-1 expression is normally localized to endothelial
cells of the lamina propria and submucosa (Dogan et al.,
FIG. 5. Splenic phenotype in Nkx2-32/2 mice. Sections of 1/1 or 2
or B (B220) and T (CD4) lymphocytes (e–h), MOMA-1 (i, j), and
acrophages; mz, marginal zone; rp, red pulp; T, T lymphocytes;1997; Streeter et al., 1988) (Figs. 7a, 7c, and 7e). However,
Copyright © 2000 by Academic Press. All rightMAdCAM-1 expression was undetectable in mutants both
at E16.5 (Figs. 7a–7d) and in adults (Figs. 7e–7h). Loss of
MAdCAM-1 was not due to abortive development of
lamina propria vessels, since ICAM-2 (not shown) and
mRNAs for other endothelial markers (ICAM-1, PECAM-1,
CD-34, Flk-1, Tie-2) were expressed normally in the post-
natal gut and adult caecum (Fig. 6 and not shown). Various
leukocyte subsets home to the lamina propria where they
function in visceral immunity and in maintaining mucosal
dult spleen stained with H & E (a–d) or by immunohistochemistry
80 (k, l). B, B lymphocytes; mmm, marginal zone metallophilic
hite pulp./2 a
F4/integrity. Cell counts (see Materials and Methods) indicated
s of reproduction in any form reserved.
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161Leukocyte Homing Defects in Nkx2-3 Knockout Micethat IgA-secreting plasma cells, which are thought to home
via MAdCAM-1 (Brandtzaeg et al., 1999; Butcher and
icker, 1996), were reduced some 84% in mutants (Figs. 7i
nd 7j). CD41 T cells were reduced by 30% (Figs. 7k and 7l).
In contrast, CD81 intraepithelial T lymphocytes were un-
ffected (Figs. 7m and 7n). These cells develop locally (Saito
t al., 1998) and are retained in intestinal villi via surface
ntegrin aEb7 (Schon et al., 1999), which does not bind
AdCAM-1 (Strauch et al., 1994).
In spleen, MAdCAM-1 expression has been described in
he marginal venous sinus surrounding the white pulp and
n FDCs that reside in B cell follicles, with expression
ccentuated in GCs (Kraal et al., 1995; Le Hir et al., 1996b)
Fig. 8f). Although not well characterized, MAdCAM-1
xpression has also been noted in a sparse endothelial
lexus within the red pulp of adult spleens (Briskin et al.,
997). We have confirmed this pattern in the adult (Fig. 8f)
nd traced its origins throughout the embryonic period.
AdCAM-1 was expressed on a dense endothelial plexus in
he developing spleen from at least as early as E13.5 (Fig.
a), similar in extent to the pattern revealed by ICAM-2
taining (Fig. 2f). Staining was also extensive in neonatal
pleens, before the major wave of hemopoietic cell immi-
ration (Fig. 8d). In mutants, MAdCAM-1 expression was
ramatically reduced (although not eliminated) in the red
ulp endothelial plexus at E16.5 and in neonates (Figs.
b–8e) and at all sites in the adult spleen (Figs. 8f and 8g).
own-regulation in the red pulp plexus was not the conse-
uence of loss or disruption of venules, as judged by
CAM-2 staining (Fig. 8h). Furthermore, down-regulation of
AdCAM-1 expression in FDCs reflected their immaturity
ather than loss, since islands of FDCs could be detected at
pproximately normal density in white pulp with the mAb
FIG. 6. Comparative semiquantitative RT-PCR analysis of gene e
8) or caecum (adult) of Nkx2-3 mutant and wild-type mice were an
(indicated by the wedge) and normalized for GAPDH expression. RDC-M1 (Le Hir et al., 1996a) (Figs. 8i and 8j). t
Copyright © 2000 by Academic Press. All rightWithin PPs, MAdCAM-1 is normally expressed in high
ndothelial venules (HEVs), endothelia specialized for lym-
hoid traffic (Springer, 1994), and in follicular dendritic
ells (Fig. 8k) (Szabo et al., 1997). As in the spleen, expres-
ion in FDCs is accentuated in GCs, where MAdCAM-1
ppears to function in retaining and costimulating lympho-
ytes (Lehnert et al., 1998; Szabo et al., 1997). In mutants,
xpression in HEVs was abolished, while that in FDCs was
naffected (Figs. 8k and 8l), demonstrating differential regu-
ation in these two cell types (see Discussion). ICAM-2
taining confirmed the retention of an HEV endothelial
etwork of normal appearance in mutants, with the char-
cteristically “plump” morphology of individual cells
Fig. 8m).
MAdCAM-1 expression in pancreatic endothelia (Briskin
t al., 1997) was also abolished in Nkx2-3lacZDHD homozy-
gous mutants, both during development (Figs. 7o and 7p)
and in the adult (not shown). However, expression was
unaffected in mesenteric and developing peripheral LNs
(Figs. 8n and 8o and data not shown) (Mebius et al., 1996)
and lactating mammary gland (Streeter et al., 1988) (not
shown).
DISCUSSION
In this paper we examine the function of the NK-2 class
homeobox gene Nkx2-3, using gene targeting in mice.
Nkx2-3 is structurally and functionally related to the Dro-
sophila homeobox gene tinman, which is required for
pecification of both cardiac and gut muscle lineages in the
y (Azpiazu and Frasch, 1993; Bodmer, 1993; Park et al.,
998). Analysis of loss and gain-of-function phenotypes for
sion in the gut. Total RNA samples from whole intestines (P1 and
d using specific primers. Templates were diluted in a 10-fold series
ions without reverse transcriptase were used as controls (C).xpres
alyzeinman and its vertebrate cardiac homologues (Azpiazu and
s of reproduction in any form reserved.
a
p
i
s
162 Wang et al.FIG. 7. MAdCAM-1 expression and mutant phenotype in the gut and pancreas of Nkx2-32/2 mice. Immunohistochemistry using specific
ntibodies was performed on E16.5 (a, b) and adult (e, f, i–n) proximal small intestine; E16.5 (c, d) and adult (g, h) stomach; and E16.5
ancreas (o, p). Sections are stained for MAdCAM-1 (a–h, o, p), IgA (i, j), CD4 (k, l), and CD8 (m, n). Genotypes are indicated. e, endothelium;
el, intraepithelial lymphocyte; li, liver; lpl, lamina propria lymphocytes; mu, mucosa; pa, pancreas; s, submucosa; sm, smooth muscle; sp,
pleen; v, vessel; vi, intestinal villi.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
d
p
p
o
p
o
p
t
d
a
t
f
N
c
(
N
i
s; rp,
163Leukocyte Homing Defects in Nkx2-3 Knockout MiceFrasch, 1993; Bodmer, 1993; Cleaver et al., 1996; Fu et al.,
1998; Grow and Krieg, 1998; Lyons et al., 1995; Park et al.,
1998; Ranganayakulu et al., 1998) has led to the view that a
conserved molecular pathway utilizing NK-2 homeobox
genes underlies cardiogenesis in species as distantly related
as flies and mammals (Bodmer, 1995; Harvey, 1996). In
mammalian visceral mesoderm, expression of Nkx2-3 and
homologues of bagpipe (Buchberger et al., 1996; Pabst et al.,
1997; Tanaka et al., 1999; Tribioli et al., 1997), a likely
ownstream target of tinman in visceral mesoderm (Az-
iazu and Frasch, 1993), suggest that a similarly conserved
athway may be active in this tissue. The extent of homol-
gy between these pathways has not yet been fully ex-
FIG. 8. MAdCAM-1 expression and mutant phenotype in spleen,
(a), E16.5 (b, c), P5 (d, e), and adult (f–j) spleens; adult Peyer’s patch
mutant (2/2) mice. Sections are stained for MAdCAM-1 (a–g, k, l,
dendritic cells; hev, high endothelial venules; ms, marginal sinuselored. However, the recent addition of pannier, a relative o
Copyright © 2000 by Academic Press. All rightf the vertebrate cardiac GATA factors, to the cardiac
rogram in flies (Gajewski et al., 1999) further hints that
he genetic blueprint guiding the early stages of heart
evelopment in mammals was already present in their most
ncient predecessors.
Genetic pathways develop in complexity and subtlety
hroughout evolution, and whole pathways can be coopted
or new functions (Relaix and Buckingham, 1999). While
kx2-3 can substitute for tinman in specification of vis-
eral muscle progenitors in transgenic experiments in flies
Park et al., 1998), the late and incomplete expression of
kx2-3 in visceral mesoderm of the mouse, as revealed by
n situ hybridization (Pabst et al., 1997) and LacZ staining
r’s patches, and mesenteric lymph nodes. Sections through E13.5
–m); and P5 mesenteric lymph nodes (n, o) of wild-type (1/1) and
), ICAM-2 (h, m), and FDC-M1 (i, j). e, endothelium; fdc, follicular
red pulp; sp, spleen; ve, red pulp venules; wp, white pulp.Peye
es (k
n, of Nkx2-3lacZDHD embryos, suggests that the timing and
s of reproduction in any form reserved.
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164 Wang et al.perhaps even the role of Nkx2-3 has changed during evolu-
tion to mammals. This prediction is borne out by the lack
of overt gut muscle lineage defects in mice deficient for
Nkx2-3 (Pabst et al., 1999, and this study) and the normal
xpression in these mice of Bapx1/Nkx3-2, a homologue of
agpipe. However, we cannot exclude the possibility that
n unknown NK-2 gene is expressed in gut mesoderm and
as redundant function with Nkx2-3 or a more tinman-like
ole in lineage specification. Interestingly, the apparent
kx2-3 cognate in zebrafish appears to be expressed in gut
ndoderm but not mesoderm (Lee and Breitbart, 1996).
urrently, the role of Nkx2-3 in murine visceral smooth
uscle is unclear, although the graded pattern of Nkx2-3
xpression in smooth muscle cells along the gut canal
eveals an unexplored heterogeneity in that tissue that may
e important for its function or capacity for adaptation. The
omplex gut-related phenotype that we and Pabst and
olleagues (1999) have described in Nkx2-3 knockout mice,
hich apparently leads to the death of some animals in the
ostnatal period and hyperplastic adaptation in survivors,
ay indeed involve defects in muscle function or matura-
ion. However, the precise combination of direct and indi-
ect effects in the gut resulting from loss of Nkx2-3 remains
o be resolved.
In addition to delayed gut development and intestinal
alabsorption, a consistent aspect of the Nkx2-3 mutant
henotype was disruption of the architecture of secondary
mmune organs. Our findings support a key role for Nkx2-3
n regulation of the leukocyte homing addressin
AdCAM-1 in endothelial cells of affected organs. This is
novel role for a tinman-like protein, presumably acquired
uring evolution of complexity in the immune system.
hile Nkx2-3 may certainly have a role in endothelial cells
ther than control of MAdCAM-1, all other endothelial cell
arkers analyzed were expressed normally. Furthermore,
own-regulation of MAdCAM-1 seems to be sufficient to
xplain at least part of the immune organ phenotype seen in
urviving Nkx2-3lacZDHD homozygotes. Available data sug-
est that the interaction of MAdCAM-1 with L-selectin
nd/or integrin a4b7 on the surface of leukocytes is essen-
tial for their recruitment to PPs and intestinal villi (Butcher
and Picker, 1996; Streeter et al., 1988) and prolonged
blockade of this interaction by systemic administration of
anti-MAdCAM-1 mAbs is sufficient to cause PP atrophy
(Hanninen et al., 1998). In villi, homing experiments sug-
gest that MAdCAM-1 selects a4b7high memory and/or effec-
tor lymphocytes to the lamina propria in the absence of a
requirement for L-selectin (Brandtzaeg et al., 1999) and
most mature IgA-secreting plasma cells as well as some T
subsets resident in villi are a4b71 (Brandtzaeg et al., 1999;
Butcher and Picker, 1996). Knockout mice lacking indi-
vidual or multiple leukocyte receptor chains have been
created (Arroyo et al., 1996; Kunkel et al., 1998; Wagner et
l., 1996). Important to this study, integrin b72/2 and
integrin b72/2/L-selectin2/2 mice have minute PPs and few
IgA1 cells in villi (Kunkel et al., 1998; Wagner et al., 1996),
a phenotype very similar to that seen in Nkx2-3 mutants.
Copyright © 2000 by Academic Press. All rightThus, defects in intestinal villi and PPs of mutants may be
primarily a consequence of the disrupted homing of a4b71
and/or L-selectin1 lymphocyte subsets to those sites.
However, an additional feature of the Nkx2-3 mutant
phenotype is the disruption of splenic microarchitecture.
While little is known about adhesion molecules governing
leukocyte homing to the spleen, antibody blocking experi-
ments and analysis of knockout mice suggest no prominent
role for MAdCAM-1 in lymphocyte homing to adult splenic
white pulp (Arroyo et al., 1996; Kraal et al., 1995; Kunkel et
al., 1998; and N. Wagner and W. Mueller, personal commu-
nication), although mAb blockade of MAdCAM-1 in NOD
mice apparently precludes homing of certain naive and
memory T cell subsets (Hanninen et al., 1998). The studies
suggest that the severe splenic defects in Nkx2-3lacZDHD
homozygotes are not directly related to loss of MAdCAM-1.
However, we have observed MAdCAM-1 expression
throughout spleen development and available data do not
strictly exclude a role for MAdCAM-1 in the developmental
period, in which it may attract blood-borne cells that are
necessary for building up splenic structure, as shown for
PPs (Yoshida et al., 1999). Indeed, the reduction in the
acrophage population seen in mutant spleens from birth
nd potentially earlier may be a primary consequence of
iminished MAdCAM-1, since monocytes express integrin
hains a4 and b1, but not b7, and the a4b1 integrin
eterodimer can bind MAdCAM-1 in the absence of the
therwise dominant a4b7 (Newham et al., 1998; Yang et
al., 1996). Although speculative, a key developmental role
for MAdCAM-1 in recruiting splenic macrophages and/or
other cell types, such as reticular elements, may account for
the thus far unexplained expression of MAdCAM-1 in
endothelial cells of this organ.
Several features of the defective splenic microarchitec-
ture seen in Nkx2-3 mutant mice resemble those found in
mice lacking components of the signaling pathways for
TNF family cytokines, including lymphotoxin (LT) (Chap-
lin and Fu, 1998; Shinkura et al., 1999). Cytokines of this
family are essential for the formation of distinct B and T
cell zones in the spleen and for sharpening their boundaries
(Chaplin and Fu, 1998), as well as for migration (Kapasi et
al., 1998) and/or maturation of FDCs (Chaplin and Fu, 1998;
Korner et al., 1997; Le Hir et al., 1996b). Nkx2-3 mutant
spleens show partially dissolved T and B cell zones and
severely diminished MAdCAM-1 expression on FDCs, find-
ings consistent with diminished TNF-a/LT signaling. How-
ever, we believe that these effects are secondary to devel-
opmental defects in the spleen, in particular the
diminishment of the macrophage population. Homing of B
cells to the spleen appears to depend critically on the
presence of a normal macrophage complement (Kraal et al.,
1989), and the dramatic reduction of B cells in mutants may
stem directly from the dearth of macrophages. B cells are
the major source of splenic LT governing refinement of B
and T cell zones (Chaplin and Fu, 1998). Local deficiencies
in LT signaling may affect not only refinement of B and T
cell zones, but also MAdCAM-1 expression on splenic
s of reproduction in any form reserved.
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165Leukocyte Homing Defects in Nkx2-3 Knockout MiceFDCs. In this sense, MAdCAM-1 expression on splenic
FDCs is probably only indirectly regulated by Nkx2-3, and
in support of this, MAdCAM-1 expression in FDCs of PPs
was unaffected by Nkx2-3 mutation.
LT/TNF-a signaling has also been shown to up-regulate
MAdCAM-1 expression on endothelial cells in vitro and in
ivo (Cuff et al., 1998; Takeuchi and Baichwal, 1995). While
this induction may serve to elevate MAdCAM-1 expression
on endothelial cells at sites of inflammation, it does not
appear to be the principal stimulus that maintains expres-
sion in visceral endothelia, since mice deficient in compo-
nents of the LT and/or TNF-a signaling pathways show
apparently normal MAdCAM-1 expression on endothelial
cells of splenic red pulp (TNFRp552/2 and TNFRp752/2; Le
Hir et al., 1996b), PP HEVs (TNF-a2/2; Korner et al., 1997),
and lamina propria (aly/aly; Koike et al., 1997; Shinkura et
l., 1999), all sites at which Nkx2-3 plays a crucial role.
lthough complete blockade of the TNF/LT pathway leads
o loss of PPs, we believe that Nkx2-3 is unlikely to
aintain MAdCAM-1 expression solely via control of LT in
his organ. However, we cannot at this point formally
xclude the possibility. It is more likely that the Nkx2-3
nd LT pathways act cooperatively to control MAdCAM-1
xpression. Whether regulation of the MAdCAM-1 gene by
kx2-3 is direct or indirect has yet to be determined,
lthough there are two potential high-affinity NK-2 home-
domain binding sites within proximal MAdCAM-1 cis-
egulatory sequences (Mohun, 1997; Sampaio et al., 1995).
ur data allow us to discern several modes of MAdCAM-1
egulation: Nkx2-3-dependent expression on endothelial
ells of spleen, pancreas, intestine, stomach, and PP, which
ay be up-regulated by cytokine induction during immune
esponses (Briskin et al., 1997; Hanninen et al., 1998), and
asal, FDC, and extravisceral expression regulated in an
kx2-3-independent manner.
Endothelial cells of the vascular tree show regional het-
rogeneity with respect to permeability, signaling compo-
ents present in arteries and veins (Wang et al., 1998), and
xpression of adhesion molecules used for lymphoid traffic
Brandtzaeg et al., 1999; Butcher and Picker, 1996). The
evelopmental mechanisms underlying regionality in endo-
helia are unknown. Our data demonstrate that Nkx2-3
rovides an essential positional and developmental cue that
nfluences regional specialization of endothelial cells for
eukocyte homing. In this respect, the role of Nkx2-3 differs
rom that of Nkx3-2 and Hox11, homeodomain proteins
hat are necessary for specification and/or survival of spleen
rogenitor cells (Dear et al., 1995; Roberts et al., 1994;
ribioli and Lufkin, 1999). The knockout mice will provide
urther opportunities for dissection of the developmental
asis of leukocyte homing and immune organ morphogen-
sis. They will also allow us to examine the role of
AdCAM-1 in lymphocyte homing specificity, which in-
ludes the spatial memory conferred to primed lympho-
ytes (Brandtzaeg et al., 1999; Butcher and Picker, 1996),
nabling them to recirculate to the effector site where they
re most likely to reencounter cognate antigens (Butcher
Copyright © 2000 by Academic Press. All rightnd Picker, 1996). Nkx2-3 appears to act in endothelial cells
s a regional cue rather than as a lineage determinant.
hether other homeobox genes also regulate regionality
ithin endothelial cells of the vascular tree can now be
xplored.
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